A critical issue with oxidation protected carbon/carbon composites used for spacecraft thermal protection is the formation of coating pinholes. In laboratory experiments, artificial pinholes were drilled through SiC-coatings on a carbon/carbon material and the material was oxidized at 600, 
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Carbon oxidation has been extensively studied (4, 5) . At high temperatures, carbon oxidizes primarily to CO(g) when the supply of oxygen is limited: C(s) + ½ O2(g)= CO(g)
However air contains both O2(g) and CO2(g), which are not thermochemically compatible with CO(g). For this reason, there is an additional reaction step in carbon oxidation:
The gas-phase diffusion-controlled oxidation of a carbon substrate through pores has been treated by several investigators for a variety of applications. These applications include the burnout of carbon between two alumina plates (6), the oxidation of TaC (7,8), oxidation of carbon fiber coatings in composites (9) (10) (11) , and the oxidation of carbon in an alumina matrix (12) . In the case of TaC oxidation, a porous oxide forms as an outer layer and oxidation occurs through the pores. In all four cases, the process is described by two regions, as shown schematically for pinhole oxidation of SiC-coated carbon/carbon in Figure 2 . Flux equations are set up for each region, together with boundary conditions. Solutions to the ¢iffusion equation lead to the carbon consumption rate. The major difference between the treatments is the selection of a suitable geometry and coordinate system.
In this paper we will focus on SiC-protected carbon/carbon./_fter about twelve flights small ( < 1
mm) pinholes have been observed on the wing-leading-edge of the US space shuttle orbiter (3).
This study is part of a larger program to understand the origin of these pinholes and to model the potential damage to the underlying carbon/carbon.
The experiments reported here were done at reduced presst.mes to model the atmosphere entry environment. These experiments were then modeled with _daptations of the well-established models described above.
Although the experiments are with SiC-coated carbon/carbon and emphasize re-entry applications, these experiments and models are quite general and apply to other coatings of carbon/carbon in other applications.
Experimental Carbon/Carbon Material
The material is the same as that used for the wing-leading-edge of the shuttle (Lockheed Martin Vought Systems, Dallas, TX). It is shown schematically in Figure 1 
Oxidation Treatments
For the furnace exposure, disks without pinholes were first tested at each temperature to determine the extent of coating loss and general outgassing under the test conditions. The weight loss data are shown in Table I . Two to four replicate runs were done for each condition.
The weight losses for samples with pinholes were corrected so that the weight loss per pinhole reflects only the oxidation of the carbon/carbon. After exposure, the samples were analyzed both from weight change data and microstructure. A simple weight change indicated the amount of carbon oxidized, Only one specimen (with nine holes) was run per condition and the corrected weight loss per sample is shown in Table I1 . The error on these numbers reflects only the weight loss from _he blanks (Table I) , where multiple specimens were run.
The samples were also sectioned, ground, and examined in cross-section. This was done by first vacuum infiltrating and mounting the specimens in epoxy. Then the specimens were sectioned with a slow-speed diamond saw, taking care not to cut through the pinholes. Each section was then re-mounted and ground until a groove appeared corresponding to a pinhole. These were subsequently ground to 20 p.m diamond to expose the structure around the pinhole.
In addition, one specimen was oxidized in the arc-jet facility at NASA Johnson Space Center.
This disk with pinholes exhibited more attack than those run in the furnace. The arc-jet exposure was at 1538°C and 0.05 atm for a total time of 3.5 hr. The atmosphere is air with substantial amounts of atoms and ions formed in the arc. Tests were interrupted for weighing at regular intervals.
In most cases, the carbon/carbon below the pinhole oxidized to form an approximate semi-circular cross-section, indicating that the cavity resembles a hemisphere. This geometry was incorporated into the model.
Results
A summary of the experimental data is shown in Table II One sample was exposed in an arc-jet (sample A J1 in Table II ). Figure 10 is a plot of weight loss of this specimen as a function of time. This reported total weight loss reflects weight loss from both the coating and oxidation of the carbon/carbon. Figures 10 and 11 and Table II indicate substantial attack of the carbon/carbon under these conditions.
For the furnace exposures at 1000°C and 1400°C and the arc-jet exposure, we assumed the attacked region was a hemisphere and calculated the weight loss due to formation of the hemisphere. Thus the weight loss, W, was calculated from:
Here A is the cross-sectional oxidized area below the pinhole and p is the density of carbon/carbon taken to be 1.362 gm/cc. The area was measured by the standard technique of counting squares on graph paper. Since the oxidized area was not a perfect hemisphere, measurement of an area should be more accurate than measuring a single radius or average of several radii. The calculated weight changes are also shown in Table II . For 1000 and 1400°C the weight changes calculated in this way and those determined by direct weighing show reasonable agreement. The measured weight changes were nearly always greater; they include preferential oxidation of the carbon matrix material, which may extend well into the matrix but may not be observed in the optical micrographs. Likewise, any offset of the cross-sections from the centerline can only result in a lower area.
Model

General Approach
As mentioned, this oxidation process can be descdbed by a model of countercurrent diffusion in a pore. Following Bemstein and Koger (6), the basic assumptions in this model are:
1. The reaction rate is controlled by diffusion of the reactants and products within the pore.
All gases act ideally.
3. The gas phase diffusion coefficients are independent of concentration.
The oxidation process is described by gaseous diffusion in two regions, corresponding to the diagraminFigure2(b)
.
The approach here is similar to that used by other investigators. Fluxes, J_,are defined for each region according to:
Here D,.,, is the gas phase interdiffusion coefficient of the ith component, ci is its concentration, and x is the distance from the carbon/gas interface. The first term in equation (4) is the standard Fickian diffusion term, the second term is the convection term required when additional gas molecules are created at the boundary between Regions I and II. Gas-phase interdiffusion coefficients are calculated from the standard Chapman-Enskc,g relationship (14):
Here M, are the masses of the subscripted molecule (in grams/mole), T is the absolute temperature, P is the total pressure (in atm), a^_Bis the avera.qe of the two diameters, and £_ is the collision integral determined from standard tabulations (15, 16). Table III lists the calculated diffusivities for the conditions of interest in this study.
Calculation of Location of Region (I)lRegion (11)Boundary
First consider Region (I), which has only CO2 and 02 counterdiffusing through nitrogen. These fluxes are described by:
The parameters c, L, and xf are defined in Figure 2 
Next consider Region II, which contains both CO2 and CO. Now we have a convection term, since for the diffusion flux of CO is twice that for CO2:
The flux of CO2 is given by equation (4):
This can be rearranged and integrated to give:
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Equation (12) is useful because it helps us derive an expression for L/xf. At the boundary between Regions I and II, we have the following continuity expressions:
Upon substitution into equation (12) for Jct_2,we can get the expression for L/x:
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For a system with a constant %2 , such as air where %2 = 0.21 , the value for L/xf is 2.123.
Calculation of Concentration Profiles and Concentrations at Boundaries
First consider the concentration profiles for Region (I). Equation (8) indicates that the concentration profile for CO2 is linear. Since the flux of 02 is :_implythe negative of the CO2 flux, the concentration profile of 02 is also linear. These are shown in Figure 2 .
The concentration profiles of CO and C02 in Region II can be calculated as follows:
This can be simplified and integrated to: f r ,c, . :.co) 1 J;q,, =-2cr D_co.ll n -x: ; Lt2c,.Cco)j (16) Noting that Co" o ))c_: o and combining with equations (13) and (14), we get a concentration function:
This equation gives the reduction in concentration of CO in Region (11) . According to equation (13) the flux of CO2 has the opposite sign and twice the magnitude at any given point. These concentration profiles are shown in Figure 2 (b).
Calculation of Recession Rate
The weight loss of carbon per unit area of pinhole is given by:
Here Wc is the weight of carbon (gr), Mc is the molecular weight of carbon (gr/mole), and Po, is the partial pressure of oxygen (bar). The weight loss rate per pinhole is simply this quantity times the area of the pinhole, rtr2. The rate of growth of a hemisphere at the bottom of the pinhole is given by:
where s is the radius of the underlying hemispherical void, V is the volume, and p is the density of carbon. Equation (19) can be equated to equation (18) and solved for the hemispherical radius, s:
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